Polythieno [3,4-b]-thiophene-benzodithiophene(PTB7), [6,6]-phenyl C 71 -butyric acid methylester(PC 71 BM) and poly [4,8-bis(5-(2-ethylhexyl)
was 8.0 mm 2 . All of the OPVs were then encapsulated in the glove box and tested in air.
Meanwhile, Au@Ag@SiO 2 NCs were also introduced into the PEDOT:PSS and the active layer. To eliminate the exciton quenching on the surface of the metal nanoparticles caused by direct contact between Au@Ag NCs and active layers, a ~10 nm-thick silica shell was synthesized to wrap up the Au(20 nm)@Ag(20 nm) NCs. The devices with the incorporation of Au@Ag@SiO 2 NCs into the PEDOT:PSS layer were fabricated at the optimized conditions (addition level: 5 vol.% NC aqueous solution with concentration of 2.27x10 -10 M). For ITO/PEDOT:PSS/Au@Ag@SiO 2 +active layer device, an Au@Ag@SiO 2 NC ethanol solution (2.27x10 -10 M) was spin-cast at different rotations (1500, 2000, 2500, 3000 rpm) for 30s on top of PEDOT:PSS layers, then heated at 70℃ for 5 min. Both PTB7:PC 71 BM and PBDTTT-EFT:PC 71 BM were used as the active layer materials in our OPVs. All the preparation conditions of the OPVs based on PBDTTT-EFT:PC 71 BM were exactly the same as PTB7:PC 71 BM -based devices as described above.
Material Characterization
The absorption spectra of the aqueous solution containing Au/Ag NCs with different shell thicknesses as well as Au@Ag@SiO 2 NC ethanol solution were characterized by using a UV-VIS spectrophotometer (UV-2550, Shimadzu, Japan). Scanning electron microscopy (SEM, FEI Quanta 400 FEG microscope at 10 kV) was used to characterize the distribution of (20 nm)@Ag (20 nm) NCs on PEDOT:PSS film.
Raman Characterization
To explore the plasmonic effect of Au@Ag NCs embedded into the PEDOT:PSS layer, Raman spectroscopy was utilized to verify the enhanced plasmonic scattering effect in the Au (20 nm)@Ag (20 nm) NC -doped PEDOT:PSS thin film. Raman spectroscopy (HORIBA JOBIN YVON, HR800) with the excitation wavelength of 488 nm was used to extract Raman intensity on PEDOT:PSS layer incorporated by Au@Ag NCs. A 100 objective and around 1 mm laser spot was used to focus the laser beam and collect the Raman signal.
The Raman characterization was carried out on a sample with the structure of glass/ITO/PEDOT:PSS+Au@Ag at the optimized addition level (5 vol.%). Pristine PEDOT:PSS thin film without NCs was also characterized as a reference. As depicted in Figure S3a , the Raman intensity was significantly improved when 5 vol.% Au (20 nm)@Ag(20 nm) NCs were incorporated into the PEDOT:PSS layer (red curve) compared to the pristine one (black curve). Specifically, the highest Raman shift peak around 1448 cm -1 increased from 218.8 of the pristine PEDOT:PSS film to 452.5 after Au@Ag incorporation. Over 100% enhancement of the Raman intensity suggests that the LSPR of the Au (20 nm)@Ag(20 nm) NCs could dramatically improve the light absorption of the film.
TEM Characterization
The transmission electron microscopy (TEM) images of Au@Ag NCs with different shell thicknesses (5, 15, 20 nm) were observed under a TEM (2100F, Japan).
The PEDOT:PSS thin film incorporated with Au@Ag NCs as well as the NC distribution embedded into the PEDOT layer were observed under the TEM. A ~40 nm-thick PEDOT:PSS thin film incorporated with 5 vol.% Au (20 nm)@Ag (20 nm) NCs was spin-cast onto a Cu foil. After thermal annealing at 150C for 1 h, the sample was placed in an aqueous solution of ferric nitrate at room temperature. In terms of the high solubility of PEDOT:PSS in H 2 O, before spin-coating, a 3 vol.% cross linker, 3-glycidoxypropyltrimethoxysilane (C 9 H 20 O 5 Si) was added into the PEDOT:PSS precursor as a cross linker to solidify the PEDOT:PSS polymer networks after annealing treatment. After 2 hours' etching in Fe(NO 3 ) 3 solution, an uniform NC incorporated PEDOT:PSS layer was obtained when the Cu foil underneath was completely dissolved away. As shown in Figure S3b , the semi-transparent PEDOT:PSS thin film with Au(20 nm)@Ag (20 nm) NCs ( addition level: 5 vol.%) was floated on the surface of Fe(NO 3 ) 3 solution. The inset image depicted the PEDOT:PSS layers coated on Cu foils before etching. The film was then transferred into deionized (DI) water. Finally, a micro copper grid for TEM was placed in the DI water to load the floating PEDOT:PSS thin film. The PEDOT:PSS film was taken out of water and dried for several hours before TEM characterization. We can clearly find that the distribution of Au@Ag NCs is relatively uniform in the PEDOT:PSS layer without particle aggregation. Approximately 4.5 NCs were contained in 1 (μm) 2 PEDOT:PSS layer as indicated in Figure S3c . . The refractive index (n) of PEDOT:PSS and SiO 2 medium were assumed to be 1.45 and 1.4, respectively, 41 while PTB7:PC 71 BM medium was calculate to have an average refractive index of 1.8 at the wavelength region of 500-650 nm. 42 The sizes of the nanostructures were determined according to the average sizes measured from the TEM images.
Simulation
Figures: Figure S1 . Current density-voltage (J-V) curves of the best control device and the OPVs with various addition levels (0.5, 2.5, 5, 10 vol%) of (a) Au (20nm) Tables: Table S1 . Summary of photovoltaic performance of OPVs based on PTB7:PC 71 Table S6 . Incorporated metal nanoparticles and efficiencies of previously reported highperformance plasmonic OPVs with PCEs higher than 8%.
